ABSTRACT | Doxorubicin (also called Adriamycin) is effective in treating a wide range of human cancers and currently considered as one of the most important drugs in cancer chemotherapeutics. The clinical use of doxorubicin is, however, associated with dosage-dependent cardiotoxicity and development of heart failure, which diminish the therapeutic index of this widely used anticancer drug. This article first surveys key research findings on doxorubicin redox biology that may impact its cardiotoxicity as well as anticancer activity. It then discusses emerging concepts, especially the topoisomerase II-p53-mitochondrion axis that may lead to the development of mechanistically based novel strategies to protect against cardiotoxicity and enhance the effectiveness of doxorubicin therapy. KEYWORDS | Anticancer drug; Doxorubicin; Mitochondrial electron transport chain; Oxidative stress; Reactive oxygen species; Redox biology; Redox cycling; Topoisomerase II ABBREVIATIONS | METC, mitochondrial electron transport chain; MnSOD, manganese superoxide dismutase; Nrf2, nuclear factor E2-related factor 2; PGC1α, peroxisome proliferator-activated receptor gamma co-activator 1α; PGC1β, peroxisome proliferator-activated receptor gamma co-activator 1; ROS, reactive oxygen species
OVERVIEW
Doxorubicin, a member of the anthracycline anticancer agents, is among the most commonly used drugs for treating a wide range of human cancers, including leukemias, Wilms tumor, neuroblastoma, soft tissue and bone sarcomas, breast carcinoma, ovarian carcinoma, transitional cell bladder carcinoma, thyroid carcinoma, gastric carcinoma, Hodgkin's disease, malignant lymphoma, and lung cancer. Doxorubicin was initially isolated in 1967 in the Farmitalia Research Laboratories in Italy from cultures of a mutant Streptomyces peucetius (Streptomyces peucetius caesius) [1] . The chemical structure of doxorubicin is very similar to that of daunomycin, the very first member of anthracyclines that causes serious cardiotoxicity. Preclinical and clinical studies of the anticancer efficacy of doxorubicin as well as its cardiotoxicity began in the late 1960s and early 1970s [1] [2] [3] [4] [5] , and the drug was first approved in 1974 by the U.S. Food and Drug Administration (FDA) for clinical use in the United States.
Although doxorubicin has been used clinically for treating a wide variety of human cancers for over 4 decades, its mechanisms of action underlying cancer cell killing and induction of cardiotoxicity and heart failure, a major limiting factor of the drug's clinical use, remain to be further elucidated. In this context, a number of theories have been proposed to explain doxorubicin's tumor killing activity and cardiotoxicity, which include redox cycling in mitochondria, topoisomerase inhibition, and oxidative stress. This article surveys key findings on doxorubicin redox biology and discusses emerging concepts that may lead to a better understanding of the molecular pathways underlying its cancer chemotherapeutic activity and cardiotoxicity, and thereby, the development of effective strategies to improve the therapeutic index of this widely used anticancer drug.
OXIDATIVE STRESS

The Concept of Oxidative Stress
Utilization of molecular oxygen by aerobic organisms leads to inevitable formation of reactive oxygen species (ROS), that, when left unchecked, causes detrimental effects on normal cellular constituents, including nucleic acids, proteins, and lipids. Antioxidant defenses have been evolved in aerobic organisms including humans to counteract the harmful effects of ROS and maintain redox homeostasis. Hence, under physiological conditions, cellular levels of ROS are tightly controlled and regulated. The term oxidative stress refers to a condition where the formation of ROS significantly overwhelms the detoxification capacity of the antioxidant system, causing ROS accumulation, leading to potentially detrimental consequences. Oxidative stress condition can be caused by either increased ROS formation or decreased activity of antioxidants or both in aerobic organisms. Moderate oxidative stress causes cell dysfunction, whereas overt oxidative stress usually leads to cell death [6] . Oxidative stress contributes to diverse pathophysiological processes, including many aging-related human disorders, as well as drugmediated pharmacological effects and adverse reac-ROS tions [7, 8] , though tightly regulated production of ROS is a fundamental mechanism of innate immunity and physiological homeostasis [9] [10] [11] .
Doxorubicin-Mediated Oxidative Stress
Oxidative stress is a widely recognized mechanism of doxorubicin-induced cardiotoxicity. Development of this oxidative stress concept is driven primarily by two lines of evidence. One is the increased levels of ROS following treatment with doxorubicin in cellular and animal models. Biomarkers of oxidative stress, such as isoprostanes, are also elevated in human cancer patients treated with doxorubicin. The other line of evidence is the demonstrated protection of doxorubicin cardiotoxicity in animal models by either transgenic overexpression of antioxidant enzymes or administration of antioxidant compounds of diverse structures. Doxorubicin may also cause downregulation of antioxidant enzymes particularly at high dosages and upon prolonged exposure although the exact underlying mechanisms remain largely unknown (see Section 4.3).
Increased ROS levels after doxorubicin treatment in both cellular and animal models as well as cancer patients may result from different mechanisms. As noted above, decreased expression of cellular antioxidant defenses may be one of them. Another mechanism may involve the activation of ROS-generating enzymes/proteins, including NOX2 and Rac1 [12, 13] . The third mechanism may be related to disruption of the mitochondrial electron transport chain (METC) by doxorubicin either directly or indirectly via compromising mitochondrial genome, to cause increased electron leakage from the METC and thereby elevated formation of mitochondrial ROS. The last and probable the most widely recognized mechanism is the potential of doxorubicin to undergo redox cycling to produce ROS (see Section 3.1).
Redox Modulation of Nrf2 Signaling by Doxorubicin
Short term exposure to doxorubicin may cause activation of Nrf2 (nuclear factor E2-related factor 2), leading to transient increases in antioxidant gene expression [14] . This indicates that doxorubicin may act as a pro-oxidative stimulus to transiently activate Nrf2 signaling. In this context, doxorubicin is suggested as a redox active compound that may undergo redox cycling to generate oxidant species. However, recent evidence does not support a redox cycling property for doxorubicin at pharmacologically relevant concentrations (see Section 3.3). Alternatively, doxorubicin may directly bind to the Nrf2 sequestering protein, Keap1, causing its degradation. Regardless of the molecular mechanisms involved, stimulation of Nrf2 signaling by doxorubicin is not unexpected as activation of the Nrf2 pathway is a common adaptive response to oxidants as well as many other stress factors [15] [16] [17] . FIGURE 1. Schematic illustration of the general concept of quinone redox cycling. As depicted, the cytochrome P450 (CYP) system and the mitochondrial electron transport chain (METC) are the two major machineries that carry out the initial oneelectron reduction of quinone compounds, leading to redox cycling and generation of superoxide anion radical (O 2˙ˉ) . O 2˙ˉ undergoes dismutation to form hydrogen peroxide either spontaneously or catalyzed by superoxide dismutase (SOD). Hydrogen peroxide then reacts with transition metal ion (e.g., Fe 2+ , Cu 1+ ), giving rise to hydroxyl radical (not shown).
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REDOX CYCLING
The Concept of Chemical Redox Cycling
Chemical redox cycling may be defined literally as the reduction and oxidation cycle between two forms of a compound, frequently a quinone molecule [18] ( Figure 1 ). Redox cycling is typically initiated by a univalent reduction of a quinone molecule to form a semiquinone radical species. The cytochrome P450 enzyme system and METC are among the major sources that carry out the one-electron reduction. The semiquinone radical formed can then donate one electron to molecular oxygen, and during this reaction, molecular oxygen is reduced to superoxide anion radical, and the semiquinone radical is oxidized back to the original quinone molecule. Hence, the entire process involving one-electron reduction and oxidation forms a cycle, leading to the persistent production of superoxide anion radical and secondary ROS (e.g., hydrogen peroxide, hydroxyl radical, and peroxynitrite) [18] .
Doxorubicin Redox Cycling: the Birth of the Concept
Doxorubicin is a quinone compound, and as such, has been proposed to undergo redox cycling in biological systems [19, 20] (Figure 2) . In this regard, both the cytochrome P450 enzyme system and the METC enzyme complexes, especially complex I, have been implicated in mediating the redox cycling of doxorubicin to form ROS. The redox cycling concept of doxorubicin stems from early observations with doxorubicin at non-pharmacologically relevant concentrations in cell-free systems (e.g., submitochondrial particles) [21, 22] . Because of the richness of mitochondria in myocardium in terms of both FIGURE 2. Schematic illustration of the potential of doxorubicin to undergo redox cycling catalyzed by the cytochrome P450 system (CYP450) and mitochondrial electron transport chain (METC). As illustrated, doxorubicin contains a p-benzoquinone structure. p-Benzoquinone is actually a weak, if not a non-, redox cycling compound.
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function and mass of the organelles, METCmediated redox cycling of doxorubicin has been considered as a major mechanism of doxorubicininduced cardiotoxicity. Redox cycling of doxorubicin has also been suggested as a mechanism contributing to its cancer cell killing activity. However, as discussed next, there is no direct evidence for doxorubicin to undergo redox cycling to generate ROS at pharmacologically relevant concentrations in target cells and tissues.
Doxorubicin Redox Cycling: Lack of Evidence under Physiologically Relevant Conditions
With highly sensitive oxygen polarography to measure potassium cyanide-resistant oxygen consumption and using ultra-sensitive bioluminometry to detect ROS formation, we have recently studied the redox cycling properties of doxorubicin at pharmacologically relevant concentrations (0.1-1.0 M) and a supra-pharmacological concentration (10 M) in various types of cells, including animal and human primary cardiomyocytes as well as lung cancer cells, neuroblastoma cells, and leukemia cells. We have found no evidence for doxorubicin at the above concentrations to undergo redox cycling to generate ROS. Doxorubicin does not undergo redox cycling either in substrate-driven isolated intact mitochondria under the above conditions. In contrast, with the above methods and cell systems, we have observed dramatic redox cycling of other quinone compounds at concentrations 10-100 times lower (0.01-1.0 M) than those of doxorubicin. These include betalapachone, benzo(a)pyrene-derived quinones, and 9,10-phenathrenequinone. Notably, 9,10-phenanthrenequinone undergoes redox cycling at concentrations as low as 0.3 nM, and it is the most potent redox cycling compound ever seen with biological systems.
TOPOISOMERASE INHIBITION
Molecular Biology of DNA Topoisomerases
DNA topoisomerases are ubiquitous and essential enzymes that play critical roles in the fundamental biological processes of DNA replication, transcription, recombination, repair, and chromatin remodeling. They represent a class of enzymes that reduce supercoiling in DNA by breaking and rejoining one or both strands of the DNA molecule. The winding problem of DNA arises due to the intertwined nature of its double-helical structure. During DNA replication and transcription, DNA double-helical structure becomes overwound ahead of a replication fork. If left unabated this tension would build up to a level that would eventually stop the action of the enzymes involved in DNA replication and transcription [23] [24] [25] . DNA topoisomerases bind to either singlestranded or double-stranded DNA and cut the phosphate backbone of the DNA. This intermediate break allows the DNA to be untangled or unwound, and, at the end of these processes, the DNA backbone is resealed again. DNA topoisomerases are considered as nature's molecular tools to resolve the problems of DNA entanglements by enabling topological transformations, thereby regulating the structures of DNA/chromosomes and their associated cellular functions [23] [24] [25] . Based on structures and mechanisms, DNA topoisomerases are grouped into type I and II, each of which is further divided into subfamilies A and B. Type I enzymes carry out strand passage through a reversible single-strand break, whereas type II enzymes mediate strand transport through a doublestrand DNA gate [23] [24] [25] . Table 1 lists the 6 members of mammalian DNA topoisomerases with each encoded by a single gene. Notably, 3 DNA topoisomerases have been found in mammalian mitochondria, including the mitochondrial topoisomerase I, topoisomerase III, and topoisomerase II. Topoisomerase III and topoisomerase IIβ have a dual localization and are targeted to both nuclear and mitochondrial compartments. In contrast, mitochondrial topoisomerase I is encoded by a specific nuclear gene and only functions in the mitochondrial compartment.
Topoisomerase Inhibition in DoxorubicinInduced Anticancer Activity
Doxorubicin forms complexes with DNA by intercalation between base pairs, and it inhibits DNA topoisomerase II activity by stabilizing the DNAtopoisomerase II complex, preventing the religation portion of the ligation-religation reaction that DNA topoisomerase II catalyzes. The outcomes of the above interactions include DNA strand breaks and inhibition of DNA replication. As cancer cells are VOLUME 1 | ISSUE 3 | MAY 2016 ROS rapidly proliferative, DNA topoisomerase inhibition is widely considered as a central mechanism underlying doxorubicin's cancer cell killing activity. On the other hand, cardiomyocytes are generally quiescent, and as such, DNA topoisomerase inhibition is typically thought to play a minor, if any, role in doxorubicin-induced cardiotoxicity.
Topoisomerase Inhibition in DoxorubicinInduced Cardiotoxicity
Topoisomerase II as a Novel Molecular Target of Doxorubicin-Induced Cardiotoxicity
In mammalian species, including humans, topoisomerase IIα is found predominantly in proliferating cells and required for DNA replication. As such, it is considered the major molecular target underlying doxorubicin's tumoricidal activity. On the other hand, topoisomerase IIβ is present in all quiescent cells, including cardiomyocytes, and is recently found to be a major molecular target of doxorubicin cardiotoxicity [26] . Cardiomyocyte-specific deletion of Top2b gene encoding topoisomerase IIβ protects the myocytes from doxorubicin-induced DNA doublestrand breaks and transcriptome changes that are responsible for defective mitochondrial biogenesis and increased ROS accumulation [27] . Furthermore, cardiomyocyte-specific deletion of Top2b gene protects mice from the development of doxorubicin-induced progressive heart failure, suggesting that doxorubicin-induced cardiotoxicity is mediated by topoisomerase IIβ in cardiomyocytes [27] .
The Role of Topoisomerase II-p53-Mitochondria Axis in Doxorubicin-Induced Cardiotoxicity
It is suggested that inhibition of topoisomerase IIβ by doxorubicin may trigger stress responses and alter transcriptome, eventually leading to mitochondrial dysfunction and oxidative stress [26] [27] [28] . However, the detailed mechanisms by which doxorubicinmediated inhibition of topoisomerase IIβ causes oxidative stress remain to be elucidated. Since topoisomerase IIβ is present in mitochondria, doxorubicin may compromise the integrity of the mitochondrial FIGURE 3 . Schematic illustration of the potential role of the topoisomerase II-p53-mitochondrion axis in doxorubicin cardiotoxicity. DOX, doxorubicin; Top-II, topoisomerase II; PGC1α, peroxisome proliferator-activated receptor gamma co-activator 1α; PGC1β, peroxisome proliferator-activated receptor gamma co-activator 1; ROS, reactive oxygen species. This scheme is based on Ref. [28] .
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genome by inhibiting this enzyme, leading to mitochondrial dysfunction and increased electron leakage and superoxide generation from the METC. However, cardiomyocyte-specific deletion of Top2b gene does not appear to affect mitochondrial function [27] , suggesting that a different mechanism might be involved. In this regard, it is proposed that inhibition or poisoning of topoisomerase IIβ by doxorubicin may cause p53 activation via DNA damage responses, and the p53 activation then leads to compromised mitochondrial function through the repression of peroxisome proliferator-activated receptor gamma (PPARγ) co-activator 1α (PGC1α) and PGC1β. Both PGC1α and PGC1β promote mitochondrial biogenesis. This p53-mediated mitochondrial dysfunction leads to increased electron leakage and superoxide formation from the METC, which in turn triggers a cycle of DNA damage, resulting in further p53 activation and mitochondrial dysfunction [29] (Figure  3) . Inhibition of p53 protects against doxorubicin cardiotoxicity in mice [30] , supporting an important role for p53 signaling in topoisomerase II-dependent doxorubicin cardiotoxicity. Regardless of the mechanisms involved, it appears that doxorubicin treatment results in increased formation of mitochondrial superoxide, which causes cardiotoxicity either directly or via the formation of secondary ROS. This notion is in line with the observations that transgenic overexpression of mitochondrial manganese superoxide dismutase (MnSOD) protects against doxorubicin's cardiotoxicity in mice [31] and that deletion of MnSOD causes dilated cardiomyopathy in mice [32] , a characteristic feature of doxorubicin-induced cardiotoxicity [33] .
Topoisomerase II: Doxorubicin-Mediated Inhibition versus Genetic Deletion
Cardiomyocyte-selective deletion of the gene encoding topoisomerase II does not cause mitochondrial dysfunction and cardiomyopathy in mice and, instead, such a genetic deletion renders the mice resistance to doxorubicin-induced cardiotoxicity [27] . On the other hand, inhibition of topoisomerase IIis considered to be responsible for doxorubicin-induced cardiotoxicity [27] . This seemingly paradoxical notion suggests that interaction of doxorubicin with topoisomerase IIin cardiomyocytesmay alter the enzyme in such a way that converts it to an inciting factor for cardiomyocyte injury. It is suggested that doxorubicin-topoisomerase II complex may bind to the promoter region of the genes for PGC1α and PGC1β, leading to the inhibition of their transcription [27] . PGC1α and PGC1β are important players in mitochondrial biogenesis and energetics as well as cellular antioxidant defenses [34] , and inhibition of This scheme is based on Ref. [27] .
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PGC1α and PGC1β signaling causes aging and heart failure [35, 36] . Hence, it is possible that topoisomerase IIserves as a mediator, rather than an ultimate target, of doxorubicin-induced cardiotoxicity (Figure 4) . If this is true, as discussed below, strategies that inhibit doxorubicin's binding to topoisomerase IIwould be effective in protecting against doxorubicin-induced cardiotoxicity and improving its therapeutic index.
MOLECULAR TARGET-DRIVEN STRATEGIES FOR IMPROVING DOXORUBICIN'S THERAPEUTIC INDEX
Different mechanisms appear to underlie doxorubicin-mediated tumor cell killing and cardiotoxicity, with the former primarily involving topoisomerase II inhibition to lead to blockage of DNA replication, and the latter primarily involving interaction with topoisomerase II to cause mitochondrial dysfunction and increased ROS formation. The primary involvement of oxidative stress in doxorubicinmediated cardiotoxicity, but not in its tumor cell killing activity, explains why antioxidant compounds protect against doxorubicin's cardiotoxicity without interfering with its anticancer activity in various animal models. In animal models, antioxidants of diverse structures also potentiate doxorubicin-induced tumor cell killing. However, so far no antioxidants have been shown to protect against doxorubicin's cardiotoxicity or augment its anticancer activity in human cancer patients. Currently, dexrazoxane, an iron-chelating compound, is the only agent that shows a limited protection against doxorubicin's cardiotoxicity in cancer patients, and the cardioprotection likely stems from its ability to compete with doxorubicin for binding to topoisomerase IIrather than the proposed iron-chelating property or antioxidative activity of the compound [26] . The lack of effective drugs for protecting against doxorubicin's cardiotoxicity and improving its therapeutic index warrants more mechanistic research. Such research is to identify novel molecular targets involved in, and elucidate detailed molecular pathways leading to, doxorubicin-induced cardiotoxicity and progressive heart failure. On the other hand, future research is also needed to develop innovative antioxidant-based modalities to counteract the oxidative stress mechanism of doxorubicin-induced cardiotoxicity. In this context, failure with existing antioxidant compounds in protecting against doxorubicin's cardiotoxicity does not necessarily invalidate the oxidative stress theory of doxorubicin-induced cardiotoxicity. This is analogous to the notion that failure of certain antibiotics in treating pneumococcal pneumonia does not disapprove the bacterial cause of pneumococcal pneumonia. The lack of efficacy in patients of using existing antioxidant compounds in protecting against doxorubicin cardiotoxicity and in treating oxidative stress-associated disorders as a whole reveals the need to revisit the current thinking on oxidative stress and exogenous antioxidant-based therapy, and to develop innovative concepts to guide effective antioxidant intervention. In this regard, future research may focus on developing antioxidant modalities for targeting specific intracellular compartments of oxidative stress and/or for boosting the endogenous antioxidant defenses in the cellular compartments that are adversely impacted by ROS [37] . Alternatively, efforts may be taken to identify novel agents that enhance doxorubicin-induced tumoricidal activity so that the drug can be used at lower dosages to spare its cardiotoxicity.
